A wide variety of organisms exhibit circadian rhythms, regulated by internal clocks that are entrained primarily by the alternating cycle of light and darkness. There have been few studies of circadian rhythms in fossorial species that inhabit a microenvironment where day-night variations in most environmental parameters are minimized and where exposure to light occurs only infrequently. In this study, daily patterns of locomotor activity and body temperature (T b ) were examined in adult blind mole-rats (Spalax ehrenbergi). These fossorial rodents lack external eyes but possess rudimentary ocular structures that are embedded in the Harderian glands and covered by skin and fur. Most individual mole-rats exhibited circadian rhythms of locomotor activity, but some animals were arrhythmic. Individuals that did exhibit robust rhythms of locomotor activity also showed rhythms of T b . In most cases, T b was highest during the phase of intense locomotor activity. Locomotor activity rhythms could be entrained to light:dark cycles, and several mole-rats exhibited entrainment to non-24-h light cycles (T-cycles) with period lengths ranging from T = 23 h to T = 25 h. Some individuals also showed entrainment to daily cycles of ambient temperature. There was considerable interindividual variation in the daily patterns of locomotor activity among mole-rats in virtually all the conditions of environmental lighting and temperature employed in this study. Thus, whereas it appears likely that photic cues have a significant role in the entrainment of circadian rhythms in mole-rats, the amount of variability in rhythm patterns among individuals appears to be much greater than for most species that have been studied.
INTRODUCTION
Circadian rhythms are evident in virtually all eukaryotic organisms that have been examined. These rhythms are regulated by biological clocks (oscillators) that are entrained to environmental cues or zeitgebers. Circadian rhythms are thought to have evolved mainly because they provide organisms with the ability to &dquo;anticipate,&dquo; and thus to prepare for, the relatively predictable environmental changes associated with the progression of the light:dark (i.e., day:night) cycle. In addition, it has been proposed that circadian 1. To whom all correspondence should be addressed. Present address: Department of Physiology and Neurobiology, University of Connecticut, Box U-154, Storrs, CT 06269; e-mail: bgoldman@uconnvm.uconn.edu. JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 12 No. 4, August 1997 348-361 @ 1997 Sage Publications, Inc. systems provide a source of internal temporal organization that might have adaptive value, even in the absence of regular environmental fluctuations (Pittendrigh, 1993) .
In view of these considerations, it is of interest to explore the characteristics of the circadian systems of animals that inhabit environments in which (a) they are exposed to very little light and (b) day:night environmental differences are minimal. The underground environment presents one such situation.
There have been few detailed investigations of circadian rhythms in highly fossorial organisms Rado and Terkel, 1989) . Some interesting questions might be asked of such animals: Since the underground environment provides far less day:night variation in habitat characteristics (i.e., light level, temperature, humidity) as compared to that experienced above ground, do fossorial animals exhibit circadian rhythms? If they do, is light used as a major zeitgeber for the entrainment of these rhythms, or are alternative cues used? If light is a zeitgeber for fossorial organisms, do they exhibit modifications of their circadian systems that would enable them to maintain entrainment without frequent exposure to photic cues? What adaptive value might be served by circadian rhythms in fossorial animals?
The subject of this study is the blind mole-rat, Spalax ehrenbergi. This species is a fossorial rodent native to a variety of mesic to xeric regions in the Near and Middle East (Savic and Nevo, 1990) . The animals are solitary living and are very aggressive toward conspecifics. They are not often seen above ground but do tunnel to the surface on occasion to push out loose earth from their tunnels. Blind mole-rats lack external eyes; however, paired rudimentary ocular structures, each approximately 1 mm in diameter, are found embedded in the Harderian glands and covered by the skin and fur of the head. The ganglion cell and photoreceptor layers are relatively thin, and there is a very small unmyelinated optic nerve containing approximately 900 to 1000 fibers (Bronchti et al., 1991; Cooper et al., 1993a; Sanyal et al., 1990) . Most of the projections of this nerve terminate in the suprachiasmatic nuclei (SCN), with only sparse projections to regions that are included in the central visual system of sighted mammals (Cooper et al., 1993b) . The SCN are known to comprise the major oscillator of the circadian system in other mammals (Meijer and Rietveld, 1989) .
S. ehrenbergi exhibit circadian rhythms of locomotor activity, with most individuals showing the majority of their activity during the light phase of a light:dark (L:D) cycle . However, some indi-viduals do not exhibit detectable rhythms of locomotor activity (Ben-Shlomo et al., 1995) . The blind mole-rats that exhibit locomotor activity rhythms under a L:D cycle also show free-running rhythms when held under constant conditions in continuous darkness (DD).
Removal of the rudimentary eyes prevented entrainment to light while permitting free-running activity rhythms . This report describes rhythms of locomotor activity and body temperature (Tb) in S. ehrenbergi subjected to a variety of controlled conditions of light and temperature. Locomotor activity was recorded as activity related to a running wheel placed in the cage and also as &dquo;total&dquo; (general) locomotor activity, recorded either via a transmitter-receiver system or by using infraredemitting motion detectors.
MATERIALS AND METHODS

Animal Care
All mole-rats used in these studies were adults, but ages were unknown because all had been captured in the field in Israel. The mole-rats were shipped to Connecticut by Dr. Joseph Terkel (Department of Zoology, Tel Aviv University). Animals of both sexes were used in each of the studies, and no differences between sexes in rhythm patterns were observed. Mole-rats were housed individually in clear polypropylene tubs (41 x 20 x 20 cm) with wire lids. Food was provided ad libitum, and the diet consisted primarily of a mixture of moistened hamster chow (Agway) and shredded carrots, supplemented with apples, yams, and squash. Drinking water was not provided, since mole-rats obtain all their water from their food. In most cases, a 12 to 16 cm length of black ABS plumbing pipe, 5 cm in diameter, was provided in the animal's cage. Mole-rats frequently retreated into these tubes when disturbed and during periods when they were inactive. During experiments, molerats were housed in temperature-and light-controlled environmental chambers (Environaire, East Longmeadow, MA). The lighting in these chambers was regulated by a Chrontrol timer (Lindburg Enterprises, San Diego, CA). Each chamber was equipped with two 40-W fluorescent bulbs that were shielded with brown wrapping paper to reduce the light level to 20 to 80 lux at the level of the cage tops.
In all three studies, data were collected by a computer running Datacol 3 (Minimitter Corp., Sunriver, OR). The data were plotted using the TAU software program. Since each animal was subjected to a series of experimental conditions, sections of the longitudinal data have been extracted to illustrate each of the major findings. Period lengths of activity rhythms were estimated by using the TAU program to draw a best-fit line through activity onsets. Alpha-the duration of the active period-was estimated by drawing best-fit lines through activity onset and activity termination times, respectively, and measuring the time period encompassed by these lines.
A few animals died of undetermined cause during the course of these studies. In each case, death was preceded by the rather sudden development of an emaciated appearance, often accompanied by partial paralysis of the hind limbs; animals generally seemed healthy until 2 to 4 days before death. In such instances, rhythm data from the several days preceding death were not used.
Study 1: Measurement of Locomotor Activity and Body Temperature Prior to use in the first set of experiments, the animals were maintained in a room held at 20°C to 22°C and with a simulated natural photoperiod set for 32°N latitude, which is the approximate latitude of origin for the animals. For this study, animals received intraperitoneal transmitters (Minimitter Corp.) for the monitoring of body temperature (Tb) and locomotor activity The transmitters were implanted while the animals were under methoxyflurane anesthesia and were removed after the termination of the experiment. Following implantation of transmitters, the animals were moved into environmental cabinets, where they were subjected to a series of controlled lighting and temperature (Ta) conditions. Each cage was placed on top of a receiver board (RA-1000, Minimitter Corp.) that monitored the transmitter signal. Starting on 28 February 1992, all 11 animals in this study were exposed to a &dquo;skeleton&dquo; photoperiod, in which the only light consisted of two 5-min light pulses beginning at 0700 h and 1900 h, respectively. On 9 March 1992, the skeleton photoperiod was phase delayed by 4 h (i.e., pulses shifted to 1100 h and 2300 h), and on 16 March 1992, there was an additional 4-h phase delay (pulses at 1500 h and 0300 h). On 6 April 1992, a Ta cycle was added with Ta = 23.9°C at 0300 to 1500 h and Ta = 29.4°C at 1500 to 0300 h. (Note: All temperatures in environmental cabinets were maintained to within 0.6°C of the stated value.) Transitions from low to high or high to low Ta were accomplished by ramping the temperature over a period of 1 h. The times given for the T cycles indicate the times at which ramping began. On April 27, the skeleton photoperiod was eliminated and the animals were housed in DD (continuous darkness). The amplitude of the Ta cycle was decreased by lowering the high T in steps of 1.1°C each on May 12, May 16, May 20, and May 26. On 9 June 1992, the Ta cycle was eliminated entirely and the animals were maintained at 23.9°C, still in DD. In DD, feeding and cage cleaning were accomplished by use of a dim red fluorescent light that was on only for the few minutes required for animal maintenance. Beginning on June 18, the animals were exposed to continuous dim red light, provided by two 7.5-W red bulbs in the environmental cabinet. Data recording was terminated on 2 July 1992, and transmitters were removed from the animals thereafter.
Study 2: Running Wheel Activity in Mole-Rats Exposed to Light T-Cycles
In a second study, locomotor activity was recorded in animals housed with access to a running wheel. The animals used in this study included most of the individuals from Study 1, along with additional animals obtained in a new shipment. The animals were divided between two environmental cabinets, designated as A and B and both maintained at a constant 21°C. Only wheel running activity was recorded in Study 2. Table 1 summarizes, in sequence, the photoperiod regimens used in this study Beginning on 23 July 1993, all animals were exposed to 10L:14D (10 h light:14 h darkness) with lights on at 0700 to 1700 h. Starting on 6 August 1993, Cabinet A was programmed for a T23.75-h light cycle with 10L:13.75D. On the same day, Cabinet B was programmed for a T24.25-h cycle with 10L:14.25D. These T-cycles were maintained until 20 September 1993, when the animals in both cabinets were released into DD for 17 days. On 7 October 1993, a 10L:14D light cycle was reinstated in both cabinets, with lights on at 0700 to 1700 h. On 24 November 1993, Cabinet A was programmed for a T23.5-h light cycle with 10L:13.5D, and Cabinet B was set for a T24.5-h light cycle with 10L:14.5D. These T-cycles continued until 24 December 1993, when the subjects in both cabinets were released into DD. On 10 January 1994, both cabinets were placed on a 3L:21D light cycle with lights on at 0700 to 1000 h. On 2 March 1994, Cabinet B was placed on a T23-h light cycle with 3L:20D; Cabinet A was placed on T25 h with 3L:22D. On 2 April 1994, animals in both cabinets were released into DD.
Study 3: Comparison of Rhythms of Running Wheel Activity and Total Locomotor Activity
Locomotor activity was recorded simultaneously by two different methods: (a) wheel-running activity was monitored as in the previous study and (b) general locomotor activity was monitored by means of an infrared motion detector (Junior PIR-7, Electronics Line, Ltd., Petah Tikvah, Israel) affixed to the top of the cage. Prior to starting this study, all experimental subjects had been housed under a 12L:12D light cycle for several weeks. Ambient temperature was 21°C throughout the experiment.
Data collection began on 22 December 1995, at which time the animals were exposed to a simulated natural photoperiod. The light cycle was set to simulate the day length at 32°N latitude on the same date with progressive changes thereafter. As in the other experiments, each mole-rat was initially provided with a section of black ABS plumbing pipe, 5 cm in diameter and 12 to 16 cm long, into which the animal could retreat during periods of inactivity. The pipe was removed after a few weeks of activity had been recorded to determine whether the pattern of locomotor activity was altered by the presence of the pipe. Approximately 3 to 5 weeks after the removal of the pipe, the running wheel was also removed, and activity was monitored solely by using the motion detectors. After 4 months in a simulated natural photoperiod, all the animals were released into LL and remained in this condition for 5 weeks. Animals were then exposed to a 12D:12L photoperiod, with the light and dark phases approximately 180° out of phase as compared to the earlier simulated natural photoperiod.
All the protocols used in these studies were approved by the IACUC at the University of Connecticut.
RESULTS
General Observations: Individual Variability in Locomotor Activity and Tb Patterns
About 70% to 80% of all mole-rats monitored in our laboratory exhibited circadian fluctuations in locomotor activity In approximately 40% to 50% of all individuals, these patterns were very robust. When mole-rats were entrained to an L:D cycle, the individuals that exhibited circadian fluctuations were generally more active during the light phase. In most cases, these animals exhibited a monophasic pattern with one block of activity each day, but some mole-rats displayed a biphasic rhythm with two distinct activity bouts-one beginning at or slightly before lights on (dawn) and the other beginning around lights off (dusk) (Fig. 1 ). These various categories of daily patterns of locomotor activity were observed both when total activity was monitored (using intraperitoneal transmitters) and when wheel-running activity was measured.
Animals that displayed robust circadian rhythms of locomotor activity also generally exhibited circadian fluctuations in Tb. Mean Tb was generally in the range of 35.8°C to 36.6°C, and Tb was approximately 1'C to 1.5°C higher during the active phase, as compared to the phase of reduced locomotor activity (Fig. 2 ). Animals that failed to exhibit rhythmic locomotor activity did not show circadian fluctuations of Tb. Rhythms of locomotor activity and Tb continued when animals were released into DD, with the period lengths of the rhythms deviating slightly from 24 h, thus indicating regulation by the circadian system.
Study 1: Response to Cycles of Ambient Temperature
Eleven mole-rats were exposed to cycles of ambient temperature (Ta), beginning with a temperature variation between 23.9°C and 29.4°C. Two animals initially exhibited a rapid adjustment to this temperature cycle, with almost all locomotor activity occurring during Figure 1. Biphasic pattern of locomotor activity in mole-rat housed under 10L:14D. The record of running wheel activity is double plotted with data for consecutive days, displayed in descending order. All records in this article are double plotted, and the line down the center of each record separates the two consecutive days of the double plot. The heavy black bars at the top of the right half of the record indicate the period of darkness. This animal exhibited two bouts of activity each day-one associated with dawn and the other with dusk. On many of the days, the dawn and dusk activity bouts began slightly before lights on or lights off, respectively. the phase of lower (23.9°C) temperature (Fig. 3A ). In one of these animals, the consistent phasing of locomotor activity with the lower temperature phase of the T cycle gradually disappeared as the amplitude of the Ta cycle was decreased stepwise by lowering the Figure 2 . (A) General locomotor activity and body temperature (Tb) records. Animals were exposed to two 5' light pulses daily and were otherwise in total darkness. During the first 6 days, the pulses occurred at 1100 h and 2300 h, respectively, as indicated by the arrows over the first day of record. Beginning on Day 7, the pulses were phase delayed by 4 h. This animal exhibited a robust rhythm of running wheel activity, but the rhythm did not become entrained to the light pulses during the duration of the trial. higher temperature in 1.1°C decrements. The second mole-rat continued to exhibit a strict coordination of the phase of locomotor activity with the low temperature phase, even after a temperature differential of only 1.1°C was attained. When released into constant Ta, this animal continued to show activity approximately coincident with the time of the previous lower Fig. 2A . The mean Tb was 36.5°C, and Tb was plotted for a range from 36°C to 37°C. The rhythm of Tb closely paralleled the locomotor activity rhythm, with the peak in Tb b approximately coincident to peak activity.
Ta; however, the amount of activity was decreased, and the total length of the active phase increased (Fig. 3A) .
One subject, whose activity rhythm is displayed in Figure 3A , exhibited an interesting Tb response during entrainment to the Ta cycle. Tb was lowest during the active phase (i.e., the phase of lowest ambient temperature). This was different from the typical situation, where the circadian phases of increased locomotor activity and increased Tb were coincident. Three other individuals entrained to the T cycle, but in these animals entrainment was complete only after 2 to 3 weeks of exposure to the T fluctuations.
When entrainment was established in these individuals, one animal showed a synchronization of locomotor activity with the phase of low Ta. A second mole-rat began activity during the latter part of the phase of high Ta, and activity extended well into the low Ta a phase (Fig. 3B ). The third individual of this series exhibited entrainment with most of its locomotor activity during the high T phase.
The remaining 6 mole-rats did not exhibit entrainment to the Ta cycle. Two of these individuals showed very weak rhythmicity throughout the study The other 4 animals showed free runs in which the phase of locomotor activity scanned through both the high and low Ta phases; in one of these individuals, the locomotor activity rhythm dissipated during the first 5 weeks of the T cycle, but a free-running rhythm reappeared when the amplitude of the T cycle was reduced to 3.3°C.
Study 2: Entrainment to Light T-Cycles and Free-Running Rhythms after Release into DD
A total of 14 mole-rats were used at the initiation of this study Eight of these animals exhibited robust circadian rhythms of wheel-running activity, and changes in period length following exposure to DD or to non-24-h L:D cycles could easily be seen by a visual inspection of the records from these subjects. Four other mole-rats exhibited &dquo;moderate&dquo; rhythmicity, but activity onsets were not sufficiently regular from dayto-day to permit ready identification of changes in period length. The 2 remaining animals showed very weak rhythmicity. Two of the original animals died during the experiment, and 3 additional mole-rats were added for the last phase of the study.
A summary of circadian parameters for those molerats that did exhibit rhythmic activity during two periods of exposure to 10L:14D and one period of exposure to 3L:21D is presented in Table 2 . Alpha-the duration of the phase of heightened wheel-running activity-averaged 11 to 12 h and was similar for all three trials. Over two periods of exposure to 10L:14D, a total of 13 animals exhibited clear entrainment during at least one of the two trials. Of these, 7 mole-rats were diurnal, showing most or all of their wheelrunning activity during the light phase. Three animals Figure 3 . Entrainment of general locomotor activity rhythm to ambient temperature (Ta) cycle. At the beginning of the record, the animal was exposed to daily 5' light pulses at 1100 h and 2300 h. Beginning on 16 March 1992, the pulses were phase delayed by 4 h to 1500 h and 0300 h and remained at these times until 27 April 1992, when the animals were maintained in DD. During the first part of the record, Ta was held constant at 70°E On 6 April 1992, a Ta cycle was initiated with Ta = 23.9°C at 0300 to 1500 h and Ta = 29.4°C at 1500 to 0300 h. The phase of low Ta (23.9°C) is depicted between the vertical lines drawn in the record from 6 April to 9 June. The amplitude of the Ta cycle was decreased in steps on May 12, May 16, May 20, and May 26 by decreasing the high Ta by 1.1°C at each of these times. On June 9, the T-cycle was eliminated entirely, and Ta was held constant at 23.9°C thereafter. A failure of the data collection system occurred between 29 May 1992 and 3 June 1992, and no data were collected during that time. (A) This individual exhibited immediate entrainment to the Ta cycle and remained entrained until the T cycle was eliminated. At that time, the activity band became less sharply defined, but the phase of activity was still approximately the same as during the Ta cycle. (B) This mole-rat required several days to reach stable entrainment to the Ta cycle. When entrainment was complete, locomotor activity began during the high-temperature phase of the Ta cycle and overlapped into the early portion of the low Ta phase.
were almost entirely nocturnal, and the remaining 3 subjects showed approximately equal amounts of wheel-running activity during the light and dark phases, respectively No attempt was made to differ-entiate between nocturnal and diurnal patterns in the 3L:21D trial, since the light phase was so short. Of the total of 35 records exhibiting clear circadian rhythmicity in the three photoperiod trials, 3 records showed a biphasic pattern, and the remaining 32 were monophasic. The mole-rats exhibited considerable interindividual variation in the phase angle of entrainment within each of the three trials. However, in 10L:14D, a clustering of activity onsets (12/20) fell during the 4-h period, beginning 3 h prior to lights on and ending 1 h after lights on; in 3L:21D, activity onset times clustered (9/15) during the 4-h period, beginning 6.5 h before lights on.
Most animals that exhibited clear rhythms of running wheel activity when exposed to standard (24-h) L:D cycles also showed entrainment to T-cycles, with period lengths ranging from 23 h to 25 h and using light phases of either 10L (with T = 23.5 h, 23.75 h, 24.25 h, or 24.5 h) or 3L (with T = 23 h or 25 h). T-cycles of less than 23 h or greater than 25 h were not attempted (Figs. 4 and 5). A summary of data for animals exposed to some of these T-cycles is presented in Table  3 ; data were analyzed only for individuals that exhibited stable period lengths. For those animals that expressed clear rhythms with a relatively stable period length, the mean period length of the rhythms was very close to T for T-cycles of 23.5 h and 24.5 h. The rhythm period length deviated somewhat more from T in the T-cycles of 25 h and 25 h, and in both cases the period length of the activity rhythm fell between 24 h and T.
During the first several days after release into DD following from T-cycle entrainment, the period length of the running wheel activity rhythm usually remained very similar to the period length of the previous entrained rhythm. After 1 to 2 weeks, the free-running period length changed, usually becoming closer to 24 h. Figure 4 . Entrainment to a T = 23.5-h L:D cycle. During the first 16 days of this record, the animal was entrained to 10L :14D. When the light cycle was then changed to 10L:13.5D, the mole-rat rapidly entrained to this T-cycle. After release from the T-cycle into DD, the animal continued to exhibit a period length that was the same as that shown under T23.5 h for several days and then began to free run with a period length closer to 24 h.
Study 3: Comparison between Patterns of Running Wheel Activity and General Locomotor Activity
In individual blind mole-rats, the patterns of running wheel activity and general locomotor activity usually paralleled each other very closely (Figs. 6A,B ). However, some individuals that showed only very sparse activity and no apparent rhythm with a wheel still exhibited a robust rhythm of general locomotor activity, as assessed by use of a motion detector. As with previous observations, most animals were predominantly diurnal.
Following 4 months of exposure to a simulated natural photoperiod, 12 animals were released into LL for 5 weeks. Three of these individuals were arrhythmic under the natural photoperiod and continued to Figure 5 . Entrainment to a T = 24.25-h L:D cycle. This mole-rat was entrained to 10L:14D prior to the change to 10L :14.25D. The animal entrained to the T24.25-h cycle after several days. When released from T24.25 h into DD, this individual promptly began to free run with a period length that was less than 24 h. be arrhythmic in LL. Of the 9 animals that did exhibit a circadian rhythm of locomotor activity in the natural photoperiod, 2 subjects began to exhibit free runs with period lengths clearly different from 24 h within 1 to 3 days after release into LL. Four additional animals continued to exhibit activity rhythms for 7 to 17 days that were indistinguishable from those exhibited during the several weeks prior to release into LL; these animals then began to show free-running rhythms with period lengths different from 24 h (Fig. 7A ). Two subjects continued to exhibit robust rhythms throughout the entire 5 weeks of LL, but the rhythm period lengths of these individuals did not deviate noticeably from 24 h (Fig. 7B ).
When the animals in this experiment were exposed to a reversed L:D cycle after 5 weeks in LL, the following types of results were obtained. Those individuals that were essentially arrhythmic during LL remained so in the subsequent D:L cycle. The 4 mole-rats that Table 3 . Circadian parameters in mole-rats exposed to non-24-h T-cycles.
a. Mean ± SEM; period length data based only on those individuals that exhibited stable period lengths. Activity records (running wheel) were analyzed for a period of 12 days (T23, T25) or 18 days (T23.5, T24.5), beginning 12 to 19 days after initiation of the T-cycles.
showed clear free runs with non-24-h period lengths in LL became entrained to the D:L cycle. In these individuals, the phase angle of entrainment to the light phase was similar to that exhibited in the original simulated natural photoperiod (Fig. 7A ). The animals that showed rhythms with period lengths of 24 h during LL continued to do so in D:L, and there was no apparent change of phase (Fig. 7B ).
DISCUSSION
The results of this study demonstrate that most individual S. ehrenbergi exhibit circadian rhythms of locomotor activity and Tb. The rhythms readily entrain to L:D cycles, and most individuals are primarily diumal with respect to the timing of activity. Some blind mole-rats exhibited a biphasic pattern, with bouts of activity around dawn and dusk, but most animals showed just one major activity period in each circadian cycle. These rhythms were also expressed under continuous darkness (DD) with taus that deviated slightly from 24 h, demonstrating their endogenous nature. Not all the animals showed clearly defined circadian rhythms of locomotor activity; some individuals failed to exhibit any detectable rhythm, and others evidenced only weak rhythms. Animals that exhibited robust circadian rhythms of activity generally continued to show rhythmic activity under a variety of photoperiod conditions and over long periods of time. In contrast, some individuals alternated over time between weak rhythms and no apparent rhythm.
Individuals that showed clearly organized rhythms were also capable of entraining to L:D T-cycles, with period lengths ranging from 23 to 25 h. T-cycles outside this range were not tested. When released into DD following entrainment to a non-24-h T-cycle, it was often the case that mole-rats initially exhibited several days of free run with a period length very similar to the T of the previous entrained rhythm. This was Figure 6 . Running wheel activity and general locomotor activity in a mole-rat exposed to a simulated natural photoperiod. This animal was exposed to a simulated natural photoperiod during the entire course of the recording. Activity was expressed throughout the entire light phase and began on some days shortly before lights on. (A) This record depicts wheel-running activity. (B) This record depicts general locomotor activity as monitored by an infrared-emitting motion detector. followed by a change in tau that usually brought the period length closer to 24 h. A similar type of aftereffect of prior entrainment on tau was suggested for flying squirrels. In this case, squirrels that had been free running in DD were entrained to a 24-h L:D schedule. When the animals were again released into DD, their taus were usually closer to 24 h, as compared to the original tau; tau gradually reverted to the shorter period length during the next 8 weeks in DD (DeCoursey 1989) .
The effect of prior entrainment to a 24-h L:D cycle was particularly apparent for mole-rats released into LL (Study 3). For most mammals, release from an L:D cycle into LL consistently results in a rapid alteration of period length, but 4 mole-rats failed to exhibit changes in period length until after 7 to 17 days in LL. Unlike the case for free runs in DD, the free-running period length expressed in LL is thought not to repre-sent the intrinsic period length of the circadian system but rather to reflect the net result of illuminating the entire phase advance and phase delay portions of the phase response curve. The 4 mole-rats that failed to show period lengths deviating from 24 h until more than 1 week after release into LL might have been refractory to the phase-shifting actions of light during that time. Although we are unaware of any precedent for such an explanation, other possible explanations seem equally novel.
S. ehrenbergi are capable of entraining to L:D cycles, but these animals are fossorial, and it remains unknown to what extent light serves as a zeitgeber for the circadian system under field conditions. As S. ehrenbergi extend their burrow tunnels, they occasionally break open a hole to the surface, through which they extrude loose earth. At these times, the mole-rats are presumably exposed, at least briefly, to the above- Figure 7 . Free-running rhythms of general locomotor activity during release into LL. The animals were exposed to a simulated natural photoperiod beginning on 22 December 1996 (first portion of record not shown) and were released into LL on 2 May 1996. On 6 June 1996, a 12L:12D reversed light cycle was imposed: this light cycle was approximately 180° out of phase with the simulated natural photoperiod that was used prior to LL. (A) This mole-rat showed a robust circadian rhythm in a simulated natural photoperiod. There was no detectable change in the activity pattern for the first 8 to 9 days in LL, after which time the animal began to exhibit a clear free run with a period length greater than 24 h. When a reversed light cycle was imposed, the animal entrained, with most locomotor activity occurring during the light phase, as had been the case during entrainment to the simulated natural photoperiod. (B) This individual exhibited a 24-h activity rhythm that was not noticeably altered by exposure to LL or by exposure to the subsequent reversed L:D cycle. ground lighting conditions. The subcutaneous ocular structures of this species are apparently the site for the reception of photic cues, since S. ehrenbergi have been unable to entrain to an L:D cycle following the removal of the rudimentary eyes (Rado et al., ,1992 .
Since 5 of 11 mole-rats exhibited entrainment to Ta a cycles in this study, it is possible that Ta may serve as a zeitgeber in the field. However, the maximum T, a fluctuation used in this experiment probably exceeds that normally experienced by free-living S. ehrenbergi. It has been reported that the T at the depth where mole-rats do most of their tunneling (20 cm below ground) fluctuated between 31°C and 34°C in the summer and between 13°C and 15°C in winter. In summer, the temperature at burrow level reached a peak during evening and early night, and the temperature was lowest during the morning and midday Free-ranging mole-rats appeared to be most active during the first half of the day, when the soil temperature was lowest (Rado et al., 1993) . It should be noted that whereas all mole-rats that exhibited substantial circadian rhythms did entrain to L:D cycles, several animals with robust rhythms failed to entrain to cycles of Ta. Also, the Ta cycle used initially in this study was of greater amplitude than these animals are likely to experience in the field. Therefore, our results suggest that light may be a more dominant zeitgeber than temperature for S. ehrenbergi, as is the case for most organisms.
In this study, the 2 mole-rats that showed the most rapid entrainment of their locomotor rhythms to the artificial T cycle exhibited their active phases coincident with the lower temperature. It is possible that the strict synchronization of locomotor activity to the low phase of the Ta cycle by these two individuals reflects a mechanism for avoiding strenuous activity (e.g., digging) under conditions of high Ta. This hypothesis may be supported by the observation of the Tb rhythm of the same 2 mole-rats. In all other instances, Tb b rhythms exhibited parallelism to locomotor activity rhythms, with highest Tb occurring during the phase of most intense locomotor activity. However, in the 2 mole-rats that exhibited rapid synchronization of activity to the low Ta phase, Tb peaked during the resting phase (i.e., when T was high). This could possibly represent an adaptation to prevent overheating during a period of strenuous locomotor activity (burrowing activity?), especially under conditions of high Ta.
There was generally a strong similarity between patterns of running-wheel activity and total activity, as monitored by a motion detector, in individual molerats. This was not simply a result of the presence of the wheel; patterns of total activity generally showed little or no change following removal of the wheel. The presence or absence of a short length of plastic tubing in the cage also had little effect on the patterns of total activity recorded by the motion detector. Mole-rats appeared to retreat into the tubes when they were relatively inactive, but when deprived of this opportunity, the locomotor activity pattern was not noticeably changed.
One of the most interesting aspects of these data is the large amount of variability between individual S. ehrenbergi with respect to their circadian patterns of locomotor activity. In standard L:D cycles and in the simulated natural photoperiod, locomotor activity patterns varied from arrhythmic in some animals to robust circadian rhythms in others. Even among those individuals that displayed clear daily rhythms, the phase angles of entrainment to the L:D cycle varied a great deal; most subjects were primarily diurnal, but a few animals were more active during the dark phase. The variability among individuals was also apparent with nonstandard lighting conditions. Most notably, when exposed to LL following entrainment to a simulated natural photoperiod, there was considerable variability among individuals in the time required before expression of period lengths different from 24 h, and 2 mole-rats continued to exhibit rhythms with period lengths indistinguishable from 24 h throughout the entire 5-week period of exposure to LL. These individuals may have been entrained to some nonphotic cue, but we were not aware of the presence of any such cue. Considerable variability was present between individuals in response to an imposed cycle of T as well.
Interindividual variability in circadian patterns of locomotor activity in S. ehrenbergi was also emphasized in a recent report where animals were studied under 10L:14D. In this study, S. ehrenbergi of 4 subspecies with different chromosome numbers were examined. Overall, about 20% of these animals were arrhythmic; the remaining animals frequently showed activity during both the light and dark phases, although there was a trend toward more activity during the day No differences in activity patterns were noted between the sexes within each subspecies (Ben-Shlomo et al., 1995) . It is possible that this variation may reflect different individual strategies in adapting to an environment where circadian variations in most environmental parameters are relatively small and where there are no overriding factors that would render one particular rhythm strategy of distinctly superior adaptive value.
In this study, there was more variation among animals in the phase angle of activity onset in the first trial in 10L:14D as compared to the second trial. It is possible that this resulted from a photoperiod history effect, since the animals were exposed to T-cycles (23.75 h or 24.25 h) and then to DD during the period of approximately 7 weeks between the two 10L:14D trials. The more negative phase angle of activity onset (relative to lights on) in 3L:21D, as compared to 10L:14D (Table 2) , was probably related to the difference in day length; however, here again it is possible that photoperiod history effects were involved as the animals were exposed to an additional T-cycle and to DD between the time of the last 10L:14D trial and the trial in 3L:21D.
Mole-rats appeared to show somewhat better entrainment to light T-cycles of 23.5 h and 24.5 h, as compared to the 23-h and 25-h T-cycles. It is possible that the 23-h and 25-h cycles were nearing the limits of entrainment for this species.
Although blind mole-rats appear to be predominantly diurnal with respect to total locomotor activity and wheel-running activity, it remains possible that certain specific activities are reserved for particular phases of the circadian cycle in ways that were not revealed in this study. For example, the bones of S. ehrenbergi were found in owl fecal pellets, and this observation was taken to suggest that blind mole-rats may perform above-ground activities (e.g., perhaps moving to a new burrow site) at night (G. Heth, personal communication). Presumably, it would be especially dangerous for these animals to be above ground during the day, since they are visually blind and are not well suited for rapid locomotion above ground.
It would be intriguing to leam what functions are served by the retention of circadian rhythmicity in blind mole-rats, and it would also be of interest to know why these animals have retained the ability to entrain to photic cues. Whereas it is common for fossorial species to have reduced eyes, among mammals only species of the family Spalacidae and the golden moles (Chrysochloridae) lack external eyes (Hickman, 1990 ). Yet, both these groups have retained rudimentary eyes covered by skin and fur. Thus, complete disappearance of the eyes has not taken place in any naturally occurring mammal species, though some laboratory mouse strains are completely eyeless, indicating that mutations in one or a few genes can result in the failure of eye development (Silver and Hughes, 1974) . The retention of at least some ocular structure in all fossorial mammals and the predominant input from the rudimentary eyes of S. ehrenbergi to the SCN suggest that a significant function for a light-entrainable circadian system may persist, even when most or all other visual function is lost .
Further support for the likely functionality of a light-entrainable circadian system in fossorial mammals derives from other neuroanatomical and functional studies. For example, S. ehrenbergi exhibited c-fos induction in the SCN following photic stimulation administered during the dark phase of an L:D cycle (Vuillez et al., 1994) . In sighted rodents, photic stimulation leads to the induction of this immediate early gene in SCN cells only when the light is presented at circadian phases where phase shifts are induced (Aronin et al., 1990; Rusak et al., 1990) . In an anatomical study, a species of old-world mole, Mogera kobeae, showed a well-developed SCN despite the apparent loss of visual function (Kudo et al., 1991) . The authors suggested that these observations are consis-tent with the retention of circadian functions in this species.
At present, one can only speculate on the adaptive value of circadian rhythms in fossorial rodents. It is possible that their circadian systems function primarily to provide a source of internal temporal organization. It is also possible that it is important for these animals to maintain entrainment to the L:D cycle to appropriately time their infrequent above-ground activities. Interactions between individuals of aggressive species such as S. ehrenbergi might also be influenced by the activity rhythms of the respective animals; for example, it might be important for an individual to be alert at times when its burrow system is most likely to be invaded by a conspecific. Similarly, if invasion of the burrow by predators is more likely at some times of day than others, this could affect the adaptive value of circadian rhythms of activity and alertness. Coordinated timing of activity between individuals could facilitate the process of making contact with potential mates during the breeding season.
In addition to the considerations outlined above, one must consider the possibility that some fossorial species might use photoperiod (day length) cues to regulate seasonal changes in physiology/behavior and the potential relationship of such photoperiodic regulation to circadian rhythms. Even though daynight fluctuations of environmental variables are relatively minimal underground, seasonal variations may be very significant. For example, burrow temperatures of S. ehrenbergi in Israel were estimated to be about 17°C higher in summer as compared to winter, and availability of resources likely varies seasonally. S. ehrenbergi probably do more burrowing during the winter; this was suggested by the production of about to be a long day (Elliott, 1976) . It has been reported that S. ehrenbergi are photoperiodic with respect to thermoregulatory responses (Haim et al., 1983 ). However, this study involved sequential exposure of all the animals to different experimental conditions and did not control for the possible existence of endogenous changes (i.e., a circannual rhythm) that might have accounted for the thermoregulatory fluctuations that were observed.
Combinations of laboratory and field studies may lead to a better understanding of the functional importance of the circadian system in fossorial mammals.
Further, these species may offer a unique opportunity to study mammals that have lost most of the neural substrate for visual responsiveness but have retained a rich photic input to the circadian system.
